Kinugasa R, Hodgson JA, Edgerton VR, Shin DD, Sinha S. Reduction in tendon elasticity from unloading is unrelated to its hypertrophy.
Young's modulus; stress-strain; stiffness; magnetic resonance imaging THE MORPHOLOGY OF TENDINOUS structures and their elastic properties have significant impact on the joint kinetics involved in various movements. Changes in these properties of tendon tissue have been reported in response to both increased and decreased levels of physical loading (for a review, please see Ref. 19) . Although the effect of increased levels of loading has been comprehensively studied, experiments investigating the effect of chronic unloading have focused largely on alteration in mechanical properties. Numerous studies have shown that chronic unloading leads to reduced tendon mechanical stiffness in vivo in humans and animals (e.g., Ref. 19 ). However, the exact causative mechanism remains unclear. The reductions in tendon mechanical stiffness is generally attributed to material deterioration, since the tendon cross-sectional area (CSA) remained unchanged with chronic unloading in humans (9, 15, 27, 30) . However, this conclusion necessitates several major presumptions. The results of animal experiments characterizing the effect of chronic unloading on tendon dimension are inconsistent. For example, in animal models, tendon size has been shown to decrease (24) , as well as not to change (2, 12, 21) , or to increase (14, 35) in response to chronic unloading. Several human studies (9, 15, 27, 30) have indicated that chronic unloading does not lead to significant change in tendon size, but dimensional measures were limited to a very restricted fraction of the length. Thus there is a considerable amount of ambiguity regarding the changes in the detailed structures of the entire tendinous tissue, and, furthermore, since there is considerable uncertainty related to the mechanism of decreased tendon stiffness following chronic unloading, there is a necessity to determine whether the changes in tendon stiffness are related to morphology. In addition, we examined the response of the aponeurosis to chronic unloading given that some regions undergo compression along the load axis during a contraction (11, 13) . Recent modeling efforts suggest that this phenomenon may be pennation angle dependent (6) . Given that the pennation angle decreases with atrophy (23), we would predict that the apparent regional contraction of the aponeurosis should increase and overall aponeurosis strain should decrease. The presence or absence of such changes in atrophic muscle would therefore help determine the validity of such a model.
Our objective in this investigation was to determine the relationship between the changes in dimensions and stiffness of the human tendon and aponeurosis in response to chronic unloading of the limb. The changes in the dimension and stiffness of tendinous tissue were measured using velocity encoded phase contrast (VE-PC) and three-dimensional morphometric magnetic resonance imaging (MRI) techniques. The superior soft tissue contrast and a large field of view (FOV) afforded by the MRI techniques allow measurement over a large volume of multiple intramuscular tissue structures with a high image resolution.
We have previously reported changes in the soleus aponeurosis strain distribution (17) and Achilles tendon stiffness (30) with 4 wk of unilateral lower limb suspension (ULLS). In the present study, we examined changes in 1) dimensional properties, i.e., volume, CSA, and length of the cross-sectional segment of the Achilles tendon and distal aponeurosis, and 2) relationship between changes in dimension and stiffness of the Achilles tendon and distal aponeurosis, with 4 wk of ULLS using VE-PC and three-dimensional morphometric MRI. We hypothesized that tendinous tissues would alter its volume following 4 wk of ULLS, and change in volume of the tendinous tissues would be associated with reduction in the stiffness.
METHODS

Subjects.
Five healthy subjects (4 men and 1 woman, age 24.2 Ϯ 5.4 yr, height 178.8 Ϯ 18.5 cm, weight 76.4 Ϯ 9.7 kg) with no history of neurological and musculoskeletal disorders were recruited. Before their participation, detailed information of the experimental procedures and possible risks of the procedures were explained to the subjects, and written, informed consent was obtained. Experimental protocols used in this study were approved by the Institutional Medical Review Board of the University of California, Los Angeles.
Study design. One week before the intervention, all subjects underwent orientation and familiarization with the different elements of the ULLS and all testing procedures. All baseline data were collected in the week before starting ULLS. The duration of the ULLS intervention was chosen to be 4 wk, based on the observations in previous studies that significant muscle atrophy occurred following ϳ3-4 wk of unloading (4, 28) . Subsequent measurements were performed on day 28 (4 wk) of ULLS. Subjects were subsequently made to participate in guided physical rehabilitation for 6 wk to facilitate return to normalcy.
ULLS. The volunteers were subjected to a unilateral unloading protocol of the dominant leg. This has been used by this group in the past (17, 30) . One of the subject's legs was raised from the ground with the knee joint maintained at ϳ120°using an adjustable sling, which was anchored at the subject's waist and attached to the foot of the suspended leg. Additional ground clearance for the suspended leg was achieved by adding a 5-cm raised platform on the shoe on the other feet, so that chances of accidental dragging of the foot were minimized. All ambulatory activities during the ULLS were achieved using only the non-suspended leg, together with provided crutches. The subjects' compliance was monitored by daily telephone interview and a weekly journal that reported detailed activities and any symptom of complications. A physician monitored the subjects weekly for any indication of pathological complications such as thrombosis.
Force measurement. Ankle plantarflexion torque was measured using a fiberglass cast equipped with an optical Fabry-perot interferometer strain gauge system (Fiberscan 2000, Luna Innovations, Blacksburg, VA). The fiberglass cast was molded to accommodate each subject's posterior half of the lower leg. The leg was immobilized within the cast with the ankle joint at 90°by tightly wrapping layers of elastic bandage and securing adhesive tape around the leg, while ensuring that the blood circulation was not hindered. The subject was secured to the bed with straps placed around the hips and knee with the knee joint at 180°to avoid movement. The strain gauge signal was digitally sampled at 200 Hz and stored in a personal computer using an indigenously developed data acquisition program (LabView, National Instruments, Austin, TX). The strain was calibrated with four known weights to obtain a calibration factor relating cast strain with the force on the ball of the foot. For the measurement of maximum ankle plantar flexion torque, the subject was instructed to perform maximal isometric contraction and to hold the maximal torque level for ϳ3-5 s three times with at least a 1-min resting period between the trials. The highest torque among three trials was taken as the maximum voluntary contraction (MVC). Achilles tendon force was calculated by dividing the MVC torque by the moment arm of the tendon. Using a modified Reuleaux method (36) , the moment arm was measured from the magnetic resonance (MR) sagittal plane images at the tested ankle angle by digitizing the perpendicular distance from the corresponding instant center of rotation of the talocrural joint to the Achilles tendon line of action.
MRI. The subject was laid in the supine position within the bore of a 3.0-Tesla Siemens Trio MR scanner (Malvern, PA). The leg remained within the fiberglass cast, and both legs were placed in a multi-channel, phased array torso coil during image acquisition. An oblique sagittal, two-dimensional spoiled gradient echo VE-PC sequence (prescribed off a series of axials from the calcaneus to the MG insertion), was used to acquire the cine dynamic sequence of velocityencoded images. Velocity encoding (VENC) of 10 cm/s in the superior-inferior direction was used, with three views per segment, repetition time (TR)/echo time (TE)/flip angle of 13.3 ms/7.5 ms/20°, 3-mm slice thickness, 290-Hz receiver bandwith/pixel, 128 ϫ 256 matrix size, 160 ϫ 320-mm field of view (FOV), two averages. Retrospective gated mode was used to acquire time-resolved 22 frames during contraction cycle. The temporal resolution of each frame was ϳ79.8 ms. VE-PC images were acquired from the lower leg under active plantarflexion against 40% of the subject's plantarflexion MVC strength. The 40% MVC was considered to be the maximum resistance that would not cause significant fatigue (13) . The target force was projected and displayed on the scanner face in real time, allowing the subject to achieve the target force accurately and consistently. The subject performed ϳ86 isometric contractions at a rate of 35 cycles/min with the guidance of a computer-generated audio metronome cue fed to the subject via headphone. The VE-PC MRI acquisition generated 22 non-interpolated time-resolved frames within the duration of each contraction cycle of ϳ1.71 s.
Before the VE-PC image acquisition, morphological images were acquired in the axial plane from the calcaneous to the MG insertion by using a spoiled gradient echo sequence (TR/TE/flip angle: 371.0 ms/2.4 ms/45°; slice thickness: 5 mm; receiver bandwidth: 320 Hz/ pixel; imaging matrix: 256 ϫ 240; FOV: 180 mm ϫ 168.75 mm; 2 averages, 30 slices). These images were used for the measurement of volume, CSA, and the cross-sectional segment lengths of the Achilles tendon and distal aponeurosis. Special care was taken to ensure that one of the axial slices corresponded to the level on the VE-PC MRI oblique sagittal plane where the tendon strain was calculated. This location level was ϳ5 cm from the calcaneal insertion and was specifically chosen since this region is the thinnest and the most common site of tendon rupture and tear in humans (1). The reference lines corresponding to the oblique plane displayed on the axial images were saved on a laptop to be referenced in a subsequent imaging session (pre and post), thereby preserving the exact similar plane orientation prescribed in the pre-suspension session.
Image processing and analysis. Image processing and analysis algorithms were indigenously developed in MATLAB (The Mathworks, Natick, MA). The systematic phase shading errors were quantified and subtracted from the individual phase image of the cine sequence using the technique by Sinha et al. (33) . The error-corrected phase data was converted to velocity data using VENC such that the gray-scale intensity at each pixel represented its tissue velocity.
Displacement, strain, stress. The 1 ϫ 1 pixel region of interest (ROI) was positioned on the first image at MG insertion and the most distal end of the soleus. Care was taken to ensure that the projected ROI in the subsequent images in the rest of the contraction cycle did not fall into the tendinous tissue. The indigenously developed tracking algorithm calculated the mean velocity of a larger 3 ϫ 3 pixel-matrix window centered on the original ROI. The mean filtered velocity was then multiplied by the temporal resolution of its frame to calculate the displaced location in the next frame. The pixel trajectory was thereafter calculated through the entire contraction cycle. This procedure allowed us to calculate the displacement (velocity ϫ time). The displacement at the distal end of the Achilles tendon, where the pixel was positioned on the calcaneous, was manually determined from each magnitude image frame by using ImageJ. To compensate for bulk leg movement during contraction, the displacement of the calcaneus was also manually tracked at all 22 phases and was subtracted from the displacement. In the present study, we defined the Achilles tendon as being from the distal end of soleus to the calcaneous and distal aponeurosis as from the MG insertion to the most distal end of the soleus, respectively (Fig. 1) . Strain was calculated by using the distances between points in two pairs of ROIs located in the soleus muscle adjacent to the posterior aponeurosis. One adjacent to the MG insertion and the other at the most distal end of soleus (i.e., distal aponeurosis), and the most distal end of soleus to the calcaneous (i.e., Achilles tendon), and measuring their changes between a given temporal phase and the resting length, respectively. The resting length was determined from the phase in which the plantar flexion torque had zero value during the contraction cycle. The maximal tendon force was divided by averaged Achilles tendon CSA and distal aponeurosis CSA over the entire length of the Achilles tendon and distal aponeurosis to obtain maximal tendon and aponeurosis stress, respectively. One subject was excluded from these analyses because of the low image quality during VE-PC MRI acquisition.
Young's modulus. The elastic modulus or Young's modulus, defined as the slope of the stress-strain curve, can be experimentally determined from the stress-strain relationship generated during a submaximal contraction (31) . In the present study, stress and strain pair was calculated over all 22 phases during contraction cycle. The Young's modulus was calculated from the slope of "linear region" in the stress-strain curve, representing the contractile phase (from initiation of force generation to peak force exertion) of the cycle (31), i.e., the relaxation phase was excluded.
Volume, CSA, length. Morphological axial images were transferred to the personal computer. The CSA of the Achilles tendon and distal aponeurosis were manually traced and measured using Amira 5.2.2 (Visage Imaging, San Diego, CA). The volume was calculated by multiplying the sum of the CSAs by the distance between slices. Test-retest reproducibility of volume measurement was assessed with four male subjects (age 29 Ϯ 5 yr, weight 73 Ϯ 8 kg, height 176 Ϯ 10 cm) within the same day. The lengths of the Achilles tendon and aponeurosis structure were calculated along the superior-inferior direction from either one morphological oblique sagittal image or several, if the border points of these structures could be localized only on different images. The lengths along the anterior-posterior and medial-lateral directions of the cross-sectional segment, i.e., the median septum, was calculated as the product of the number of pixels and the dimension of one pixel and were measured for the Achilles tendon and aponeurosis from multiple morphological axial images (Fig. 2) .
Statistics. All reported values are presented as means Ϯ SD. The nonparametric test chosen for this study has a power efficiency of 95% for small sample sizes compared with the equivalent parametric t-tests (32) . To evaluate the effect of 4 wk of ULLS, a Friedman test was used with post hoc Wilcoxon's test. Spearman's Rho was used for the correlation analysis on a limited number of data. Reproducibility of volume measurement was assessed by intraclass correlation coefficient. The significance level was set at P Ͻ 0.05. Fig. 1 . Representative oblique sagittal and axial morphological magnetic resonance (MR) images at rest (A) and typical examples of three-dimensional (3D) volume-rendered images of the Achilles tendon and distal aponeurosis in three different views (B). A: white arrows in sagittal image correspond to positions at three different axial images. The Achilles tendon is the segment between the most distal portion of the soleus (middle circle symbol on left) and the calcaneus (bottom circle symbol on left). The distal aponeurosis is the segment between the medial gastrocnemius (MG) insertion region (top circle symbol on left) and most distal portion of the soleus. Achilles tendon and distal aponeurosis are indicated by yellow lines both in the sagittal (dotted) and axial images (solid). There are some inaccuracies in calculating the tendon volume from the acquired MR images since it is difficult to define the most distal edge of the Achilles tendon, particularly as a clearly delineated line, since the Achilles tendon in reality "merges" into the calcaneus progressively. B: typical examples of 3D volume-rendered images of the Achilles tendon and distal aponeurosis in three different views. Achilles tendon and distal aponeurosis were volume rendered from axial morphological MR images. Yellow and red indicate pre-and post-unilateral lower limb suspension (ULLS), respectively.
RESULTS
As reported previously (and therefore mentioned only briefly here for sake of continuity) MVC torque decreased significantly by 46.7% after 4 wk of ULLS (P Ͻ 0.05; 535.0 Ϯ 91.5 N vs. 292.0 Ϯ 112.4 N, with rate of 1.7% per day).
Volume measurement was highly reproducibility across sessions (intraclass correlation coefficient ϭ 0.98). The positioning of consecutive axial images scanned pre-and post-ULLS were also reproducible, as shown in Fig. 3 . The total volumes of tendinous tissues (determined as the sum of the Achilles tendon and distal aponeurosis volumes) increased significantly by 6.4% (P Ͻ 0.05, 11.9 Ϯ 2.3 ml at pre and 12.7 Ϯ 2.4 ml at post) after 4 wk of ULLS (Fig. 4) . This tendency toward increased volume change was also observed in tendon (P ϭ 0.09; 7.9%; 3.47 Ϯ 0.85 ml at pre and 3.70 Ϯ 0.71 ml at post) and distal aponeurosis volumes (P ϭ 0.06; 5.7%; 8.48 Ϯ 1.67 ml at pre and 8.99 Ϯ 1.92 ml at post) but did not reach statistical significance. ULLS resulted in significant CSA increase in some regions of the Achilles tendon and distal aponeurosis CSA (Fig. 5) . The total length of tendinous tissues (determined as the sum of tendon and distal aponeurosis length) along the superior-inferior direction decreased significantly by 1.6% at 4 wk of ULLS (P Ͻ 0.05; 21.7 Ϯ 2.2 cm at pre and 21.4 Ϯ 2.2 cm at post). Individually, both the tendon and distal aponeurosis lengths showed similar trends in shortening, but neither showed significant differences between preand post-ULLS lengths. The segmented length of the crosssectional segment of both the Achilles tendon and distal aponeurosis and median septum did not change after 4 wk of ULLS (Fig. 6) . These results indicate that increased volume of tendinous tissue arose mainly from an increase in its thickness.
In Fig. 7A , points above the line indicate a proximal movement. Thus all ROIs moved proximally as the muscle contracted. If the ROIs did not move relative to the neighboring ROI, the strain value would remain at 0%. Values above 0% indicate a lengthening and points below a shortening. Consistent with our laboratory's previous findings (11, 17) , the distal aponeurosis shortened during isometric contractions (Fig. 7B) . The shortening was greater following ULLS but did not reach statistical significance. Maximal tendon stress decreased significantly by 46.2% for the Achilles tendon (P Ͻ 0.05; 19.2 Ϯ 4.4 MPa at pre and 10.4 Ϯ 3.1 MPa at post) and 44.5% for the distal aponeurosis (P Ͻ 0.05; 20.2 Ϯ 3.2 MPa at pre and 11.5 Ϯ 3.8 MPa at post) after 4 wk of ULLS. Young's modulus (Fig. 8) . For the Achilles tendon, there was no significant correlation between relative change in volume and Young's modulus with 4 wk of ULLS (r ϭ Ϫ0.54; P ϭ 0.18) (Fig. 9) .
DISCUSSION
The present study is the first to investigate the details of the simultaneous changes in morphology and elastic properties of the Achilles tendon and distal aponeurosis following 4 wk of unloading. We found that 4 wk of unloading induced tendon hypertrophy but reduced stiffness, suggesting that the composition of tendinous materials rather than dimension changes are responsible for the reduced stiffness. Our data further confirm the previous, somewhat counter-intuitive observations that the distal soleus aponeurosis shortens during an isometric contraction (11, 17) . Although such shortening increased following muscle atrophy, it failed to reach statistical significance, thus tending to support Chi et al. (6) to explain aponeurosis shortening but providing no definitive measure. Tendon hypertrophy. In tendinous tissue, we found a significant 6% increase in volume after 4 wk of unloading. One explanation may arise from our further analysis showing that the entire length of the Achilles tendon and distal aponeurosis shortened along the superior-inferior direction and distal aponeurosis and median septum remained unchanged in crosssectional segments length. This possibly indicates a slight increment of thickness rather than changes in the overall dimensions within a cross section. This assumption is supported by some relevant findings including an increase in rat collagen fiber proportion (5) and CSA of ewe spinal ligament The entire length of the Achilles tendon and distal aponeurosis (i.e., the x-axis) is expressed as 100% using a cubic spline. Data points are means Ϯ SD. *Significant difference vs. pre (P Ͻ 0.05). Fig. 6 . Changes in segmented lengths of the Achilles tendon and distal aponeurosis (top), and median septum (bottom) following the 4-wk ULLS. The lengths (i.e., the x-axis) are expressed as 100% for the tendon and aponeurosis and 25% for medial septum using a cubic spline, respectively. Data points are means Ϯ SD. (14) as a result of chronic unloading. However, animal data on the effects of chronic unloading on collagen fibril size, density, and number are conflicting. Human studies have demonstrated that, during 2 wk of unloading, there are either no changes or a downregulation of collagen I and III mRNA (12) and collagen synthesis (7), indicating that the ultrastructure of collagen fibril might not alter with chronic unloading. An increase in the water content in extracellular space may therefore provide a possible explanation for tendon hypertrophy. It is possible that extracellular space could be increased in response to chronic unloading (14, 35) .
Earlier human studies have reported variable non-significant changes in CSA of various tendons (9, 15, 27, 30) after up to 90 days of unloading. We chose a sensitive statistical procedure to test for significance, and our relatively high-resolution data indicated regional differences in the tendon changes, suggesting a complex tendon response to unloading that may depend on location. The increases in CSA were observed mainly in distal portions of both the Achilles tendon and distal aponeurosis (Fig. 5) . These findings might be associated with postural manipulations during ULLS and subsequent fluid shift eliciting marked changes in tendon and aponeurosis CSAs. The distal portions are therefore likely compartmental reservoirs for fluid redistribution associated with postural manipulations.
Young's modulus reduction in Achilles tendon. In the present study, unloading clearly showed reduction of the Young's modulus, which mirrors that in Achilles tendon stiffness (10.4%). These findings are consistent with earlier studies showing reduced stiffness of tendon in humans following 4 wk of limb suspension (30) and 20 days of bed rest (15, 16) . Although the tendon hypertrophy observed may be expected to compensate for the reduction in the tendon stiffness, the absence of any significant correlation between the magnitude of tendon hypertrophy and reduced Young's modulus seen in the present study suggests that tendon hypertrophy is not directly related to the reduced stiffness. Changes in the structure and packing of the collagen fibers (8), such as loss of transverse bands of collagen fiber (24) , increased collagen fiber crimping (25) , and reduction in the covalent intramolucular cross-links (3), are generally considered to be a factor in the alteration of tendon material properties.
Difference in the stiffness between Achilles tendon and distal aponeurosis. Tissue velocity measures of the Achilles tendon and distal aponeurosis using VE-PC MRI enable us to estimate the Young's modulus during a submaximal contraction. One of the strengths of this technique compared with ultrasound technique is that it allows one to visualize the entire length of the aponeurosis, tendon, and even calcaneus. This allowed us to compare the stiffness between different tendinous tissues such as Achilles tendon and even regional differences along the aponeurosis.
Comparisons of stiffness between the tendon and aponeurosis are quite common (10, 18, 19, 26, 29, 34) . Recent MRI studies have repeatedly shown regional differences in aponeurosis strain in the human soleus and gastrocnemius aponeuroses with the surprising and counter-intuitive observation that some regions of the aponeuroses of contracting muscles shorten under load (11, 13) . Finite element simulations confirm these findings and suggest that the passive aponeurosis material and nearby contracting muscle fibers behave as a composite material in which local mechanical properties may be quite different from the properties of the individual constituent materials (6) . Thus measures of aponeurosis stiffness must be interpreted with caution. However, they provide a good comparison with previous work (10, 18, 19, 26, 29, 34) . The simulations also demonstrate that the local aponeurosis response in an isometric contraction is dependent on muscle fiber pennation angle, where aponeurosis shortening increases with smaller pennation angles. Our data suggest a modest increase in distal aponeurosis shortening following ULLS, although it failed to reach statistical significance. It is therefore consistent with the model prediction but fails to provide a definitive answer.
Muscle, fiber, and tendon length changes. Slight shortening of the tendon and aponeurosis may reflect a lower passive tension in the muscle following atrophy. Changes in the stress/ strain curves reported in this publication are consistent with our previous findings showing a decrease in tendon stiffness and a shift of the stress/strain curve to the right (30) . A simple geometric model of the changes that occur following atrophy suggests that muscle fiber resting length will decrease simply as a consequence of a slimmer muscle (Fig. 10) . This shortening of the muscle fibers will decrease the passive tension in the fibers and, therefore, of the whole muscle. We would expect this to be reflected as a shortening of the aponeuroses and tendon due to the lower passive force allowing them to shorten along their stress-strain curves. This would manifest as a rightward shift of the tendon observed stress/strain curve following atrophy (30) . The shorter muscle fibers, shorter tendons, and lower tendon stiffness would also result in a leftward shift of the length-tension curve of the muscle fiber, causing a decline in force production for a given fiber shortening (42). Thus, in addition to the reduced force potential due to decreased muscle mass, the changes in atrophic muscle geometry may have a significant deleterious impact on the ability of the muscle to generate force.
In conclusion, 4 wk of ULLS resulted in an increase in tendon volume but a decrease in Young's modulus. The magnitude of tendon hypertrophy was not correlated to the degree of reduced tendon stiffness, indicating that the change in tendon elastic properties could not be attributable to tendon volume and thus implies a role for a change in material properties.
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